Abstract. Shallow slopes in clayey colluvial covers are often involved in progressive downhill motion with discontinuous rate of movements, depending on fluctuations in pore-water pressure.
Introduction
In geotechnical research, the main efforts in the domain of natural slopes have been concentrated on classical methods of stability analysis, based on a rigid perfectly plastic body assumption and on the individuation of a hypotetical sliding surface. The development of new computational procedures later came to better model the behaviour of soil or rock
Correspondence to: M. Maugeri (mmaugeri@dica.unict.it) masses introducing advanced material modelling (elastoviscoplasticity).
Damage caused by landslides seems to be closely connected to the rate of movement, the way it is triggered off and develops and the extension of the involved area (Hungr et al., 1984) .
Many authors, in their researches, deal with slow slope movements in natural slopes, that represent a typical example of the creep behaviour of soils and rocks (Bertini et al., 1980; Butterfield, 2000; D'Elia, 1991; Feda, 1992; Gottardi et al., 2001; Leroueil et al., 1996; Picarelli, 1997; Russo et al., 1997; Vulliet, 1999) . There are different kinds of creep: gravitational creep is gravity dependent, so it is "continuous" and "progressive". Seasonal creep depends primarily on changing climatic conditions: the involved slopes imperceptibly move, alternating low speed of movement periods (just some mm/year) and accelerating phases (even several m/day), in response to fluctuations in pore-water pressure induced by seasonal change in ground water level (Vulliet, 1999) . This paper deals with mathematical modelling of seasonal creep in natural slopes: in this case the notion of stability losses its sense, so the main question is not to evaluate a stability factor, but to model a velocity field and to define the kinematic and dynamic features of the movement (mobility analysis). For the complexity of the problem and the great number of parameters involved relating together geometrical features and constitutive models of soil, most of the quoted authors suggest to apply numerical techniques (FEM, FDM) with advanced material modelling (elastoviscoplasticity) and to calibrate the involved parameters with the help of "back analyses" of existing case histories.
A mathematical model predicting the landslide body viscous deformations, is presented and then implemented in a computer FDM code. This code has been tested on some well known case histories: Alverà Landslide (Deganutti and Gasparetto, 1992; Butterfield, 2000; Gottardi and Butterfield, 2000; Silvano, 2001) ; Sallédes experimental embankments (Morin, 1979; Blondeau et al., 1983; Pouget et al., 1985 ; A single-layer mechanical scheme to evaluate the shear strain inside a sliding slab of soil; ϑ is the slope angle. γ (t) is the rotation of a hypothetical vertical line inside the landslide body, that represents the shear strain; τ is the shear stress; h is the landslide body vertical thickness; h w (t) is the ground water level, measured from the stable base. Vulliet, 1986; Cartier et al., 1988; Russo, 1997) ; Fosso San Martino landslide (Bertini et al., 1980 (Bertini et al., , 1984 (Bertini et al., , 1986 Cazacu and Cristescu, 2000; D'Elia et al., 1983 D'Elia et al., , 1998 , but the obtained results are shown elsewhere (Maugeri et al., 2005) . Here it will be applied to the case of Gagliano Castelferrato Landslide (Central Sicily -Italy), chosen for the great number of available results of field measurements and inclinometric and piezometric monitoring, from the beginning of 1990 up to the end of 1993 (Raciti, 2003) .
A Rheological model for slow slope movements
Let us hypotize having a slope with a traslative sliding mechanism (Fig. 1) . ϑ is the slope angle; h is the landslide body thickness measured in the vertical direction; h w (t) is the ground water level, measured from the stable base s TOT will be the total surface displacement measured at the ground level. To evaluate the viscous deformations inside a clayey soil slab in response to an effective stress change an elastovisco-plastic rheological model has been adopted for the clayey material.
In a first approach the all landslide body can be thought as a single layer that can undergo shear strains. An hypothetical vertical line inside the landslide body can be represented as a vertical shelf beam (AB) in which the basal node, A, is partially fixed; the rotation γ (t) of the beam AB around its lower node, A, represents the shear strain (see Fig. 1 ). The displacement at the ground level, s TOT , can be calculated by the following equation:
If the landslide body is not homogeneous, or is more than 10 m thick, a multilayer model can be used, in which the sliding body can be discretised into n layers of appropriate thickness (Fig. 2) . In this case, an hypothetical vertical line inside the landslide body can be represented as a vertical shelf beam with a partially fixed basal node and a series of other beams linked to the lower node and linked each other by partially fixed nodes. For each i-layer (1<i<n), γ i (t) is the rotation of a hypothetical vertical line inside each layer of discretization, that is the shear strain inside each layer. The total shear strain is represented by the profile given by the all the rotations γ i (t) of the beams around their lower node (see Fig. 2 ). The total surface displacement measured ad the ground level, s TOT , can be calculated by the following equation:
in which, for each i-layer, h i is the thickness of the measured in the vertical direction; s i is the relative displacement and it can be calculated as s i (t) =γ i (t) ·h i . h w (t) is the ground water level, measured in the vertical direction from the stable base.
In Fig. 1 , a Burgers model is represented but any springdumper-plastic body in theory can be inserted. In this work nine rheological models have been tested in the numerical application (see Table 1 ).
The variation of piezometric levels, whose chronological course can be deduced by means of piezometric monitoring, has been taken as the only cause of effective stress boundary condition change (seasonal creep). The mobilizing stress is hypotised as gravitative and coinciding with the weight component acting parallel to the sliding surface, so it can be usually taken as constant. The response in shear strain is evaluated representing the landslide body behaviour, from time to time, by specific rheological elements.
The mathematical model

The single layer model
A mathematical model, based on Hohanemser and Prager (1932) general equation for visco-elastic behaviour (Reiner, 1958) has been built up to evaluate the shear deformation, γ (t), of an hypothetical vertical line of the landslide body. Combining ideally elastic, plastic and viscous bodies equations, the following differential equation can be obtained:
Fig. 2.
A multi-layer scheme to evaluate the shear strain inside a sliding slab of soil; ϑ is the slope angle; γ i (t) is the rotation of a hypothetical vertical line inside each layer in which the landslide body has been discretised, and it represents the shear strain. h TOT is the all landslide body thickness, while h i , are the thickness of each i-layer, taken in the vertical direction; h w (t) is the ground water level, measured from the stable base. s TOT is the total surface displacement measured ad the ground level, while s i (t), are the relative displacement measured in correspondence of each i-layer and they can be calculated as s i =h i γ i (t). 
where: a, a 0 , a 1 , a 2 , b 1 , and b 2 are parameters varying in each rheological model. The equations to evaluate them for the nine applied models are listed in Table 1 (Raciti, 2003) .
Soil viscosity η N , expressed in Pa*s [=N * s/m 2 ], can be represented by Newtonian dampers, whose viscosity coefficients can be evaluated by Somigliana's equation (1925) . In the case of a semi elliptical shaped channel with semi axes h and b/2 Somigliana's equation is as follows:
where γ S , is the soil unit weight; h, b and ϑ, are landslide's thickness taken in vertical, width and slope angle; v and v 0 are, respectively, the landslide body velocity at the ground surface and near the sliding surface. As in Somigliana's equation only v and v 0 are considered, without taking into account any kinematic parameter inside the landslide body, the equation fits best with shallow landslides as comparisons to real cases confirm. η W , is the water viscosity, well known in literature; in this work η W =1×10 2 poise=10 Pa*s has been assumed (Jaeger, 1964) . G 0 , G 1 and G 2 are soil shear moduli; they can be experimentally estimated by laboratory tests or by back analysis. τ y is the yielding stress. In case of reactivation landslides a value close to the residual shear strength can be chosen. τ (t) is the time dependent shear stress and it can be calculated as the non -balanced part of τ act (obviously if it is greater than zero):
τ act is the acting stress, hypotised as gravitative and coinciding with the weight component parallel to the sliding surface and taken as constant in each layer, except for the particular case of trenches or overburden (like those of Sallèdes experimental embankments, A e B). It can be calculated as follows:
in which ϑ is the slope angle, while σ is the total stress, calculated as:
in which h is the thickness of the landlide body, measured in the vertical direction. In many cases of slow slope movements involving colluvial covers, a close correlation between the piezometric levels time evolution and the displacement rates inside the landslide bodies can be observed (Manfredini et al., 1981; Nakamura, 1984; Sangrey et al., 1984; Morgenstern, 1985; Bertini et al., 1986; Cascini et al., 1986; Iverson et al., 1987; Cartier et al., 1988; Sirangelo et al., 1992; Davis et al., 1993; Pouget et al., 1994; Desai et al., 1995; Urciuoli, 1998; Alonso et al., 1999; Russo et al., 1999; Vulliet, 1999; Pellegrino et al., 2000 Pellegrino et al., , 2002 Piscitelli et al., 2001; Crosta et al., 2003) . So it should be taken into account in the numerical analysis: piezometric level variations during time can be obtained introducing the piezometric level time dependence, h w (t), in the Mohr-Coulomb-Terzaghi criterion used to represent τ lim (t), the soil yielding resistance:
in which c , ϕ , are, respectively, the cohesion and the friction angle of each layer of discretizzation and σ (t) is the effective stress, which varies with the piezometric level inside the landslide body. This, on its turn, varies with time, t:
where σ is the total stress, u(t) is the pore pressure at the base of the layer, and it can be calculated as:
and h w (t) is the ground water level measured from the stable base (it varies during time, t). If τ (t) >=0 its value is updated with the calculated one, τ (t) =τ (t), otherwise, if the resistant stress get over the effective one, τ i (t)=0 can be taken.
As τ (t) varies with the piezometric level inside the landslide body, it varies with time.
The viscous behaviour can be found in Eq. (4) parameters. Equation (4) has been solved by Raciti (2003) with the finite difference method, obtaining the following general parametric equation, whose coefficients are functions of the involved material elasto-visco-plastic features:
where:
and t is the time-step of calculation. The displacement at the ground surface, s (t), can be calculated by Eq. (1).
In order to achieve an engineering-based validation of the described mathematical model, which well explains the evolution of slow slope movements and to calibrate its parameters, a numerical code, ReoMod, had been compiled, implementing many constitutive models: ReoMod had been applied to the case histories of Alverà Landslide, Sallédes experimental embankments, Fosso San Martino landslide (Raciti, 2003). 
The multilayer model
In the case of a multilayer model, Eq. (4) becomes:
where a i , a 0i , a 1i , a 2i ; b 0i , b 1i , b 2i are parameters whose values are functions of the mechanical properties of the soil constituting each layer. They are different for each rheological model and they can be evaluated by the equations listed in Table 2 . Soil viscosity coefficients η i [Pa*s], can be evaluated by Somigliana's equation (1925) .
For a better evaluation of the soil slab deformation, as the landslide body has been discretised into thin layers (Fig. 2) , a different value of η i can be estimated for each layer, taking into account the boundary velocity values, v i and v i−1 , for each one.
So, for the multilayer model, Somigliana's equation has been written as follows:
where, for each i-layer, γ s i , is the soil unit weight; b i and h i are layer's thickness taken in the vertical direction and width; ϑ is the slope angle; v i and v i−1 are, respectively, each layer's upper and lower boundary velocities; η W is the water viscosity (η W =10 Pa*s). G 0 i , G 1 i and G 2 i are soil shear moduli inside the i-layer; they can be experimentally estimated by laboratory tests on samples of that layer, or by back analysis. τ y i is the yielding stress of the i-layer. In case of reactivation landslides a value close to the residual shear strength can be chosen. τ i (t) is the time dependent shear stress and it can be calculated as the non -balanced part of τ acti (t) (obviously if it is greater than zero):
where τ acti is the resulting shear stress, and it can be calculated as follows:
in which ϑ is the slope angle.
in which h i (1<i<n) is the thickness of each layer of discretizzation, measured in the vertical direction. τ lim i (t) is the yielding shear stress and it can be calculated by the MohrCoulomb-Terzaghi criterion, taking into account the piezometric level time evolution:
in which c i and ϕ i (1<i<n) are respectively, the cohesion and the friction angle of each layer of discretizzation and σ i (t) is the effective stress, which varies with the piezometric level inside the landslide body. This, on its turn, varies with time, t: where σ i is the total stress, u i (t) is the pore pressure measured at the base of each layer, and it can be calculated as follows:
where h w (t) is the ground water level measured from the stable base (it varies during time, t).
In each layer, if τ i (t) >=0 its value is updated with the calculated one, τ i (t) =τ i (t), otherwise, if the resistant stress get over the effective one, τ i (t)=0 can be taken.
As τ lim i (t) varies with the piezometric level inside the landslide body, it varies with time.
The system of Eq. (13) can be solved with the finite difference method, obtaining a general parametric system of n equations, whose coefficients are functions of the involved material elasto-visco-plastic features: 
and t is the time-step of calculation. As soon as the shear stress τ i (t) is greater than zero, shear deformations take place, and they can be calculated, for each layer of discretization, by the system of Eq. (21).
In this case, an indication of the ground surface displacement can be obtained by Eq. (2). Obviously, the deformation evolution depends, not only on the actual, but also on the past stress-strain state.
The numerical code ReoMod had been extended for the multy-layer scheme, to solve Eq. (21). Then, to calibrate its parameters, it has been applied to all the case histories quoted in Sect. 3.1, with nine rheological models (Maxwell, Lethersich, Jeffeys, Burgers, Bingham, modified Bingham, Schwedoff, Lo, Shiffmann et al. -in Feda, 1992) . The results of these applications are shown elsewere (Maugeri et al., 2005) .
Application to Gagliano Castelferrato landslide
In this paper, a new case history of a landslide occurred at Gagliano Castelferrato (Central Sicily -Italy), has been modeled to verify the viscous behaviour of the landslide body. For this case history, a great number of field measurements and inclinometric and piezometric monitoring was available (Raciti, 2003) .
In Fig. 3 a map of the landslide area is shown. The northern part of the landslide body, called B, slides toward the northern-eastern direction; the southern part of the landslide body, called A, slides toward the southern-western direction; a transition zone between them moves toward the eastern direction and has more evident deformations at the ground level.
In Fig. 4a an histogram of Gagliano Castelferrato monthly rainfall, measured at Gagliano Castelferrato rain gauge (Hydrometric station 192, Gagliano Castelferrato; Elevation m a.s.l. 837), from January 1990 to December 1991 is plotted, while Fig. 4b shows the cumulated rainfall for the same period.
A field investigation was carried out from 1990 to 1992. Twenty boreholes were executed and piezometric levels were measured from August 1990 to February 1992, while inclinometric deformations were measured from January 1991 to June 1992. Figure 5 deals with the monitoring period: Fig. 5a shows the piezometric level measured in S17 borehole from August 1990 to February 1992 and Fig. 5b shows the ground surface displacements, measured very closely to the S17 borehole, versus time from January 1991 to February 1992. Measurements of displacements taken from March to June 1992 are not plotted, as they could not be studied in absence of piezometric level measurements. A close correlation among rainfalls, piezometric levels and rate of movements can be noted, so an influence of pore pressure rising inside the landslide body on the slope movements is evident.
The cross section XX', along which S11, S16 and S17 boreholes are located was chosen for a stability analysis, based on the limit equilibrium method assuming a translational failure mechanism and a rigid plastic behaviour for the soil. Figure 6 shows a plots of the geological cross section XX', while in Fig. 7 the stratigraphy and inclinometric profile in S17 borehole, observed on 30 June 1992, after a period of monitoring started from 1 January 1991, are shown. The sliding surface was located at a depth of about 25-30 m below the ground surface in the transition zone between the clayey soils ant the silty sands. The stability analysis carried out assuming the different measured piezometric levels, shown that the factor of safety during the observed period sometimes was somewhat less then unity. Consequently some displacements should be observed. S17 borehole was chosen for the analysis with the numerical code: in Table 3 the input parameters of the model are listed.
Two different analyses were performed: the first using the one-layer model and the second using the multi-layer model, to evaluate the influence of the layers of discretisation number on the analysis results. A depth dependent viscosity was calculated applying Eq. (14), that is a modification of Somigliana's equation. The code applications results, referring to S17 borehole (Figs. 3 and 5) , are shown in Figs. 8, 9 , 10, 11, 12 and 13.
The response of the analysis depending on the number of the discretisation layers is shown in Figs. 8 and 9 . A comparison between measured and calculated displacement-time sequence with the one-layer and the multilayer scheme (with 5 layers) is presented, using first the Maxwell model (Fig. 8a) and then the Bingham model (Fig. 8b) . A comparison between the inclinometric profile and the calculated ones with the one-layer and the multilayer scheme (with 5 layers) are shown, first using Maxwell model (Fig. 9a) and then Bingham model (Fig. 9b) . Obviously the comparison confirms that the more is the number of discretisation layers adopted, the more accurate are the results obtained. A further evaluation of the influence of the number of discretisation layers, as well as of the chosen rheological model is presented in Figs. 10, 11, 12 and 13. A comparison, for all the rheological models used in this paper, between the ground displacement-time sequence measured in S17 borehole and the ReoMod ones with the one-layer scheme (Fig. 10) and the multilayer scheme (with 5 layers) (Fig. 11) is shown.
In Figs. 12 and 13, respectively, a comparison between the calculated profiles for the one-layer and the multilayer scheme (with 5 layers) with the inclinometric profile are presented.
In the analyses Maxwell, Burgers, Lethersich, Jeffreys, Bingham, Modified Bingham, Schwedoff, Lo, Shiffmann, Vyalov models were applied.
In this case history Maxwell, Burgers, Lethersich, Jeffreys, Bingham, modified Bingham, Schwedoff, Lo models provided reliable results, with a good agreement between calculated and measured displacements. However Shiffmann and Vyalov models seems to overestimate the displacement profiles. It is evident that the multilayer scheme grants a more accurate calculated profile, than the singlelayer scheme, however the displacements calculated at the ground surface are almost similar. Comparison between the inclinometric displacement-time sequence measured in S17 borehole and the calculated ones with the multilayer scheme (with 5 layers), with the models listed in legend.
Fig. 11.
Comparison between the inclinometric displacement-time sequence measured in S17 borehole and the calculated ones with the multilayer scheme (with 5 layers), with the models listed in legend.
Conclusions
A numerical model based on the elastoviscoplastic behaviour of the landslide body and on the influence of the piezometric level on the movement rates has been presented. As in many cases of slow slope movements a close correlation between rising in the piezometric levels and displacement rates of the slope can be observed, it seemed appropriate to assume that the change in effective stress due to pore pressure variations can be one of the main causes of slope deformations. The piezometric level variations during time can be obtained introducing a time dependence of piezometric level, respectively, in Eq. (6) and in Eq. (15), according to experimental measurements. This allows to perform a deformation-time-dependent analysis.
A single-layer and a multilayer mechanical scheme have been presented to predict the deformation evolution of a hypothetical vertical line inside a slope due to increasing of instabilising forces and/or reducing shear strengths for pore pressure rising. A computer code based on a FDM development of Eq. (15), valid both for the one-layer and for the multy layer scheme, was compiled to this aim. Several constitutive laws have been implemented in the numerical code Comparison between the inclinometric profile measured in S17 borehole and the calculated ones with the multilayer scheme (with 5 layers), with the models listed in legend.
to represent the soil behaviour: the applications presented in this paper are those based on Maxwell, Lethersich, Jeffreys, Burger, Bingham, modified Bingham, Lo, Shiffmann and Vyalov rheological models. The viscosity of the landslide body has been evaluated by Somigliana's equation. This equation, in the original form, usually fits best with shallow landslides, as it takes into account just the soil mass rate at the sliding surface and at the ground surface. To obtain a better evaluation of the deformation of an hypothetical vertical line, in the multilayer model, Somigliana's equation has been adapted calculating a different viscosity value for each layer of discretisation, substituting the soil rates at the sliding surface and at the ground level, respectively with those of the lower and the upper boundary of the i-layer, of discretisation. The displacement profiles calculated with this assumption fit best with the inclinometric one: this confirm that more reliable results can be obtained in this way.
In this paper, the presented numerical model has been applied to the case of Gagliano Castelferrato landslide (Sicily -Italy). The change in effective stress due to pore pressure variations was assumed as the main cause of deformationtime evolutions, as the monitoring results evidenced a close correlation between the piezometric levels time evolution and the displacement rates of the slope. A time dependence of piezometric level was introduced, respectively, in Eq. (6) and in Eq. (15), according to experimental measurements. This allowed to perform a deformation-time-dependent analysis.
The analysis on Gagliano Castelferrato landslide was firstly carried out discretising the landslide body into one layer, then into 5 layers and a depth depending viscosity was evaluated, basing on Eq. (14). Among the implemented constitutive models, Maxwell, Lethersich, Burger, Jeffreys Bingham, modified Bingham, Lo models provide results in a very close agreement with the experimental measures, while Shiffmann and Vyalov models, give higher displacement values.
The results of the analysis show that the hypotheses of the elasto-visco-plastic behaviour of the landslide body and of the influence of the piezometric level on the movements rates were reasonable and that,if the soil parameters are chosen properly, a simple single layer scheme, based on the soil elastoviscoplastic behaviour, can be satisfactory for a prevision of the evolution of displacements at the ground surface but, obviously, a multylayer analysis fits best in representing both the ground level displacements and the vertical profiles deformation evolutions, and this would be even more evident if a non-homogeneous or very thick landslide body should be modelled.
When analysing a natural slope, it would be advisable to investigate not only on its stability, basing on the limit equilibrium method and on a rigid plastic soil behaviour, but also on its kinematic features, and on the probable evolutions of the movements during the landslide lifetime. Such a kind of analysis should be based on deformation-time dependent models, that is on the assumption of an elasto-visco-plastic behaviour of the soil.
The presented mathematical model, can be applied to predict the future evolution of the slope movement driven on by seasonal fluctuating groundwater level, after carrying out a proper calibration of soil parameters by a back analysis of available field measurements.
